Introduction
============

Stroke accounts for \~11.1% of all deaths worldwide and remains a worldwide health burden.[@b1-ndt-12-2851] With no widely effective therapy available, stroke is a cause of serious long-term disability, and the annual expenditure was estimated at \$36.5 billion in the US.[@b2-ndt-12-2851] Approximately 87% of stroke[@b2-ndt-12-2851] cases were ischemic strokes and \~70% of infarcts were most commonly caused due to blockage of the middle cerebral artery (MCA) and its branches in humans.[@b3-ndt-12-2851]

Rodent models of cerebral ischemia have been important for increasing our understanding of stroke pathophysiology and investigation of potential therapeutics. Over the last three decades, a variety of animal stroke models, including intraluminal MCA occlusion/reperfusion (MCAO/R) model, craniotomy model, photothrombosis model, endothelin-1 model, and embolic stroke model, have been developed. Since the MCAO/R model had the advantage of mimicking human ischemic stroke, exhibiting a penumbra, being highly reproducible, reperfusion being highly controllable and no craniotomy, it became the "gold standard" in surgical ischemic stroke models.[@b4-ndt-12-2851]

The MCAO/R model was typically used in rats. Due to the genetically modified (transgenic or knockout) mouse strains providing a unique opportunity to understand the pathophysiological mechanisms of ischemic stroke, this model was introduced into mouse by Chan et al,[@b5-ndt-12-2851] and then it attracted increasing attention.[@b6-ndt-12-2851],[@b7-ndt-12-2851] Although many efforts had been made to improve this model,[@b8-ndt-12-2851],[@b9-ndt-12-2851] the survival rate and success rate remained unsatisfying and diverse among different studies, which may be due to the small size of the blood vessels and the difficulty of the operation procedure. To overcome these shortcomings, we optimized the operative procedure and shortened the surgical time to improve the survival rate of the mice.

Materials and methods
=====================

Animals
-------

A total of 60 C57Bl/6J male mice at 10 weeks, weighing 20--25 g, were used in this model. Animals were divided into three groups, with 20 mice in each group. In group A, the pterygopalatine artery (PPA) was identified and temporarily tied, one ligature was prepared on external carotid artery (ECA) stump, and two were ligated on internal carotid artery (ICA). In group B, the PPA was not exposed, two ligatures were prepared on ECA stump, and one ligature was prepared on ICA. In group C, the PPA was not exposed, one ligature was prepared on ECA stump, and two ligatures were prepared on ICA. Mice were subjected to transient MCAO of 60 minutes followed by reperfusion.

All mouse protocols procedures were approved by the Animal Care and Use Committee of Wuhan University and followed the Animal Care and Use guidelines of Wuhan University.

Surgical procedure
------------------

### Anesthetic depth assessment

Mice were anesthetized with 5.0% isoflurane and maintained on 1.5% isoflurane in 70% N~2~O and 30% O~2~ using a small-animal anesthesia system (VetEquip, Pleasanton, CA, USA). Before starting surgery, the depth of anesthesia was assessed by toe pinch. If no response was elicited, the surgery would be started.

### Microtip set and measurement of cerebral blood flow (CBF)

CBF was monitored by using a laser Doppler flowmeter (LDF; PeriFlux System 5000; Perimed, Stockholm, Sweden). An incision (1 cm) was made on skin overlying the calvarium, and the skin was pulled laterally to affix a microtip (MTB 500-OL120). The microtip was placed perpendicular to the surface of the right parietal skull (2 mm posterior and 6 mm lateral to the bregma) to monitor blood flow in the MCA territory and record by laser Doppler Perfusion Monitoring Unit (PeriFlux System 5000 with PF 5010) ([Figure 1A](#f1-ndt-12-2851){ref-type="fig"}).

Transcranial LDF was used to measure CBF in the MCA territory, and only mice with ≥75% flow reduction during the ischemic period were included in this study in order to exclude incomplete ischemia.[@b10-ndt-12-2851]

### MCAO

The surgical steps of the MCAO were performed as we described previously.[@b11-ndt-12-2851] Briefly, after microtip was attached to skull, the animals were placed on the operating table in supine position under a stereo dissecting microscope (Leica A60). The surgical region was disinfected and covered with a sterile drape. After dissection of the carotid triangle, the common carotid artery (CCA), ECA, ICA, occipital artery (OA), and superior thyroid artery (STA) were identified ([Figure 1B](#f1-ndt-12-2851){ref-type="fig"}). The CCA was temporarily ligated, the ECA was permanently ligated, and the OA and STA were coagulated and cut off ([Figure 1C](#f1-ndt-12-2851){ref-type="fig"}). Two temporary ligatures were prepared around ICA and gently tightened to prevent retrograde blood flow through ICA ([Figure 1D](#f1-ndt-12-2851){ref-type="fig"}). After performing arteriotomy on ECA stump, a nylon monofilament suture (cat no 602156PK5Re; Doccol Corporation, Sharon, MA, USA) was inserted from ECA to ICA. The ligations on ICA were loosened and tightened one by one when the monofilament passed through ICA until a mild resistance was felt. Animals were allowed to awaken from anesthesia during MCAO and returned to their cages. After 60 minutes of occlusion, reperfusion was obtained by withdrawal of the suture and the incision on ECA was electrocoagulation. The surgical procedures had subtle differences among the three groups, and the PPA needed to be dissected and temporarily tied in group A.

### Postoperation care

An antibiotic ointment was applied locally, and then the incision was closed. The animals received 0.5 mL of warm saline subcutaneously for volume resuscitation. Appropriate analgesia (ie, meloxicam at 0.3 mg/kg) was used before the surgery and 24 hours after the surgery. During the surgical procedures and 2 hours after reperfusion, the animal body temperature was maintained at 36.5°C±0.5°C using a temperature-controlled heating plate and heat recovery box.

Behavioral assessment
---------------------

An expanded six-point scale was modified and used for the present investigation. Behavioral assessments were made at 4 hours to 7 days after reperfusion by an individual blinded to the treatment of the mice. The neurological deficits were scored as follows: 0 (no deficit), 1 (failure to extend left forepaw fully), 2 (circling to the left), 3 (falling to the left), 4 (no spontaneous walking with a depressed level of consciousness), and 5 (dead).[@b12-ndt-12-2851]

Staining and quantitative measurement of brain infarct volume
-------------------------------------------------------------

After 7 days of MCA reperfusion, the surviving mice were weighed and deeply anesthetized with an intraperitoneal injection of sodium pentobarbital (50 mg/kg). Mice brains were transcardially perfused with 10% phosphate-buffered saline and then carefully extracted. After chilling for 15 minutes at −20°C, the brains were placed in a brain matrix slicer. Coronal sections were prepared and subjected to 2% triphenyltetrazolium chloride (TTC) staining at 37°C for 20 minutes. Serial sections were photographed using a digital camera, and the areas of infarct were measured using the imageJ program.

Statistical analysis
--------------------

Data were collected from experiments and presented as mean ± SD. One-way analysis of variance and Mann--Whitney test were used for statistical analysis. All analyses were performed using the SPSS software. Histograms and diagrams were constructed with Graphpad Prism (Version 5.0; GraphPad Software, Inc., La Jolla, CA, USA). The values of *P*\<0.05 were considered statistically significant.

Results
=======

The operation time and mortality rate
-------------------------------------

All animals tolerated the surgery, and no mice died during the surgery. The average operation time decreased gradually in groups A, B and C, which was 16 minutes, 13 minutes and 12 minutes, respectively. After 7 days of the MCAO/R model, 5 mice, 2 mice, and 1 mouse died in groups A, B and C, and the survival rate was 75%, 90%, and 95% respectively ([Table 1](#t1-ndt-12-2851){ref-type="table"}). The operation time and the survival rate were significantly different between group A and group B and group A and group C (*P*\<0.05), but there was no significant difference between group B and group C (*P*\>0.05; [Figure 2A and B](#f2-ndt-12-2851){ref-type="fig"}).

CBF reduction
-------------

Laser Doppler Perfusion Monitoring Unit record showed a significant decrease of 81.8%±4.6%, 84.3%±7.3%, and 85.8%±6.9% in MCA flow from baseline to occlusion in all three groups (*P*\<0.01) and an increase of 88.5%±5.7%, 86.3%±4.5%, and 90.1%±7.2% from occlusion to 5 minutes reperfusion when compared to baseline, respectively ([Figure 3](#f3-ndt-12-2851){ref-type="fig"}), but there was no significant difference among the three groups (*P*\>0.05).

Neurological deficit score
--------------------------

All behavioral tests were carried out at 4 hours and 1--7 days after MCAO/R ([Table 2](#t2-ndt-12-2851){ref-type="table"}). Neurological evaluations showed that the neurological scores were significantly different between group A and group B and group A and group C (*P*\<0.05), but there was no significant difference between group B and group C (*P*\>0.05; [Table 2](#t2-ndt-12-2851){ref-type="table"} and [Figures 4](#f4-ndt-12-2851){ref-type="fig"} and [5](#f5-ndt-12-2851){ref-type="fig"}).

Staining of brain infarct volume
--------------------------------

After TTC staining, the infracted area was shown as a white (unstained) tissue adjacent to red brick (stained) tissue ([Figure 6](#f6-ndt-12-2851){ref-type="fig"}). The infarct volume was calculated by summing the representative areas in all sections and multiplied by the slice thickness. The mean infarct volumes of the three groups were 83.5±8.3 mm^3^, 89.3±7.5 mm^3^, and 85.7±6.1 mm^3^, respectively, with no significant difference among the three groups (*P*\>0.05).

Discussion
==========

The intraluminal MCAO/R model mimics one of the most common types of ischemic stroke in humans and was first introduced by Koizumi and later modified by Longa.[@b13-ndt-12-2851] In Koizumi method, a silicon-tipped monofilament was passed through an incision in the CCA, then advanced through the ICA and up to the circle of Willis, and halted at the entrance of the MCA. In the Longa method, a flame-blunted monofilament was used and entered through an incision in the ECA, then guided up to ICA, and reached to MCA. These two methods have been cited directly 205 and 8,472 times, respectively, during the last 30 years,[@b4-ndt-12-2851] and numerous further modifications of this method have been reported in the literature.[@b13-ndt-12-2851]

However, the result and outcome were not stable, and a relatively low success rate and high mortality rate were still observed often especially in mice models. A review of literature showed that the infarct variation coefficient of commonly performed stroke models ranged from 5% to 200%.[@b10-ndt-12-2851] Many factors play significant role in causing outcome variation, such as strain-related differences, size of suture tip, duration

Selection of occludes
---------------------

The physical characteristics of the occlude influence outcome variation by causing insufficient occlusion, premature reperfusion, and/or filament dislodgement. Many occludes are applied in the MCAO/R model, including silicon rubber-coated monofilament, flame-blunted monofilament, poly-L-lysine (PLL)-coated monofilament, methyl meth-acrylate glue-coated monofilament, silicon resin-coated monofilament, and nail polish-coated monofilament.[@b10-ndt-12-2851] It turns out that silicone rubber-coated monofilaments are superior to flame-blunted monofilaments for producing consistent ischemic brain injuries and less occurrence of subarachnoid hemorrhage (SAH). In the mouse intraluminal model, SAH rate could reach 40% if uncoated heat-blunted monofilaments were being used and such a modeling method resulted in the deviation for infarction volume being \>50% of its corresponding mean value.[@b14-ndt-12-2851] The PLL-coated monofilament seemed to only increase the mortality (to a rate of 60%), without any benefits for reducing infarct variation.[@b15-ndt-12-2851]

Doccol MCAO sutures have a sufficient length of coated surface, which is cylindrical in shape, elastic, and smooth. Varying sized occludes can be conveniently obtained commercially ([www.doccol.com](http://www.doccol.com)) with desired tip diameter and silicon rubber coating length. The use of Doccol MCAO sutures has been reported to be able to achieve a much better result. For example, the SD for infarction volume was \~5--10% of its corresponding mean value for the 60-minute transient MCAO; the success rate was found to be 96%, and the SAH rate was found to be 0%.[@b10-ndt-12-2851],[@b16-ndt-12-2851],[@b17-ndt-12-2851]

MCAO surgical procedure
-----------------------

To produce results relevant to a stroke study, high-quality rodent models are very important in experimental stroke research. There are several elements, surgical skills, and technical details to improve the experimental outcome.

The selection of surgical approach
----------------------------------

There are two main surgical approaches for MCAO/R in mice. In Koizumi's method, the occlude introduced into the ICA via a cut in the CCA which being called CCA approach, so the CCA on the side of the surgery must be permanently tied to prevent bleeding. This approach is a simpler surgical procedure, but at the same time, it changes the dynamics of CBF when the occlude is withdrawn for reperfusion because blood flow will enter only from the contralateral side through the circle of Willis. While in Longa's method, the occlude introduced into ICA via a cut in ECA which being called ECA approach; the permanently tied artery is ECA, and the CCA is reserved. The ECA approach is a better choice for transient MCAO because it maintains the anatomic integrity required for reperfusion. The results demonstrate that following the Koizumi method, reperfusion reached only 50% of baseline (pre-MCAO) levels, whereas following the Longa method, reperfusion rapidly reached close to 100% of baseline levels,[@b4-ndt-12-2851] and the survival rate is improved twofold using the Longa method when compared with the Koizumi method (26% vs 44% in mortality).[@b4-ndt-12-2851]

Shortening the operation time
-----------------------------

Operation time is also another influencing factor to the survival and success rate.[@b7-ndt-12-2851] The PPA is a very important artery branch of ICA; some authors suggested to dissect and ligate this artery to guarantee the insertion of the monofilament fiber directly into the MCA,[@b13-ndt-12-2851] but we found that this artery was located at the top of the ICA, and it took much time to dissect it, and it was even more difficult to ligate or clip this artery. In group A, this step took \>3 minutes, which maybe contributed to the mortality rate. In groups B and C, we just exposed ICA and adjusted the direction of the filament to the midline, and then, the occludes could reach the terminal ICA successfully. Ansari et al[@b8-ndt-12-2851] also suggested to set up surgical platform to keep the mouse head and neck in a straight direction to avoid deviating the tip of suture into the PPA instead of the ICA. So anatomizing PPA is not an essential step for MCAO/R model, and without doing this procedure we can save time and improve survival rate.

The length of ECA stump is much shorter than the ICA in neck, so it is very hard to make two collar sutures on ECA stump instead of ICA. Although there is no significant difference between these two groups (Groups B and C) in our result, we still believe that two ligations on ICA is much easier, more time-saving, and more suitable for MCAO/R model in mice. Besides, all the string being used making ligations need to wet out to reduce sharp damage on blood vessels.

Prevention of infection
-----------------------

Infection and sepsis are other points that affect the survival rate. Some asepsis procedure needs to be applied to reduce the bacterial infection rate during and after operation. These include preparation of the surgeon, sterile instruments, and separation of surgical and animal prep areas. Before the operation, the surgeon needs to scrub his hands and wear a clean gown, cap, mask, and surgical gloves during surgery. All instruments must be sterilized prior to each group of surgeries and be kept on sterile nonporous drapes during operation.

Laser Doppler flowmetry monitoring
----------------------------------

Laser Doppler flowmetry is a method of real-time monitoring of blood flow in MCAO/R model.[@b18-ndt-12-2851] It significantly increases the accuracy of suture positioning and thus ensures obtaining consistent results. This is a noted advantage over less precise techniques of measuring the length of the suture to be inserted, which is susceptible to the interference of anatomical variations.[@b8-ndt-12-2851]

Maintain the body temperature
-----------------------------

Body temperature is one of the essential factors affecting the extent of infarction, hypothermia decreases the infarct lesion size, and hyperthermia increases the infarct lesion size.[@b7-ndt-12-2851],[@b9-ndt-12-2851] To decrease the variability of the infarction, the mouse body temperature must be maintained steady during the surgery and hypothermia must be avoided after surgery.
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![The surgical procedures of middle cerebral artery occlusion.\
**Notes:** (**A**) Microtip set in mouse. (**B**) The anatomy of right CCA and its adjacent relationship; PPA was located at the base of skull and hard to expose. (**C**) The ECA was too short to set two ligations on its stump. (**D**) The ICA was long enough to set two ligations easily.\
**Abbreviations:** CCA, common carotid artery; ECA, external carotid artery; ICA, internal carotid artery; OA, occipital artery; PPA, pterygopalatine artery; STA, superior thyroid artery.](ndt-12-2851Fig1){#f1-ndt-12-2851}

![The operation time and survival rate of three groups.\
**Notes:** (**A**) The operation time in group A (16 minutes) was much longer than in group B (13 minutes) and group C (12 minutes). (**B**) The survival rate in group A (75%) was lower than in group B (90%) and group C (95%). But there was no significant difference between group B and group C (group A vs group C, *q*=6.613, *P*\<0.001; group A vs group B, *q*=4.960, *P*\<0.001; and group B vs group C, *q*=1.653, *P*=0.247). Group A, the pterygopalatine artery (PPA) was identified and temporarily tied, one ligature was prepared on external carotid artery (ECA) stump, and two were ligated on internal carotid artery (ICA). Group B, the PPA was not exposed, two ligatures were prepared on ECA stump, and one ligature was prepared on ICA. Group C, the PPA was not exposed, one ligature was prepared on ECA stump, and two ligatures were prepared on ICA.](ndt-12-2851Fig2){#f2-ndt-12-2851}

![Laser Doppler flowmetry changed through intraluminal MCAO/R procedure.\
**Notes:** The baseline blood flow was considered to be 100% for all animals. Changes in LDF after occlusion of CCA (**A**) and MCA and also reperfusion were demonstrated (**B**).\
**Abbreviations:** CCA, common carotid artery; LDF, laser Doppler flowmeter; MCA, middle cerebral artery; MCAO/R, MCA occlusion/reperfusion; PU, perfusion unit.](ndt-12-2851Fig3){#f3-ndt-12-2851}

![Neurological scores at 4 hours and 1--7 days subsequent to the MCAO/R in groups A--C. Group A, the pterygopalatine artery (PPA) was identified and temporarily tied, one ligature was prepared on external carotid artery (ECA) stump, and two were ligated on internal carotid artery (ICA). Group B, the PPA was not exposed, two ligatures were prepared on ECA stump, and one ligature was prepared on ICA. Group C, the PPA was not exposed, one ligature was prepared on ECA stump, and two ligatures were prepared on ICA.\
**Abbreviations:** MCAO/R, middle cerebral artery occlusion/reperfusion; SD, standard deviation.](ndt-12-2851Fig4){#f4-ndt-12-2851}

![The mouse's behavior after MCAO/R model; the neurological scores of animal in (**A**--**D**) were 1--4, respectively.\
**Abbreviation:** MCAO/R, middle cerebral artery occlusion/reperfusion.](ndt-12-2851Fig5){#f5-ndt-12-2851}

![TTC-stained serial coronal brain sections (2 mm) from mice subjected to MCAO/R.\
**Abbreviations:** MCAO/R, middle cerebral artery occlusion/reperfusion; TTC, triphenyltetrazolium chloride.](ndt-12-2851Fig6){#f6-ndt-12-2851}

###### 

The operation time and survival rate of MCAO/R model in mice

  Groups           Operation time (minutes)   Survival rate (%)
  ---------------- -------------------------- -------------------
  Group A (n=20)   16±3.5                     75
  Group B (n=20)   13±2.3                     90
  Group C (n=20)   12±2.1                     95

**Abbreviation:** MCAO/R, middle cerebral artery occlusion/reperfusion.

###### 

The neurological deficit score of MCAO/R model in mice

  Group     4 hours    1 day      2 days     3 days     4 days     5 days     6 days     7 days
  --------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------
  Group A   3.9±0.31   3.4±0.52   3.2±0.61   2.9±0.33   2.7±0.48   3.2±0.63   3.1±0.37   3.0±0.57
  Group B   3.7±0.38   3.3±0.49   2.5±0.14   1.5±0.39   1.7±0.27   1.9±0.44   1.8±0.25   2.0±0.45
  Group C   3.7±0.26   3.0±0.28   2.2±0.41   1.7±0.44   1.6±0.34   1.8±0.61   2.0±0.26   1.9±0.33

**Notes:** Mann--Whitney test showed a significant difference between group A and group B and group A and group C, but there was no significant difference between group B and group C.

**Abbreviation:** MCAO/R, middle cerebral artery occlusion/reperfusion.
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